I. INTRODUCTION
The microscopic origin of and the possibility to manipulate magnetic anisotropy have been of interest for a long time. [1] [2] [3] Especially, the perpendicular magnetic anisotropy ͑PMA͒, which can be sufficiently strong to result in an easy-magnetization axis perpendicular to the film ͑or multilayer͒ plane, has been investigated. A variety of applications for magnetic field sensors, magnetic recording, hybrid semiconductor spin electronics, and magneto-optical devices are discussed in literature. [4] [5] [6] After numerous experimental and theoretical studies, a general understanding of PMA has been achieved. Theoretical studies indicate the important role of the band structure in achieving PMA. In general, an increase in the anisotropy can be expected when the energy separation of the electronic states, one located below and the other above the Fermi level ͑E F ͒, will be reduced. 7 Such situation can occur only for a special symmetry and an appropriate position of E F , which explains why PMA appears only in a limited combination of metals and a particular crystal orientation. For example, the easy-magnetization axis perpendicular to the sample plane was achieved in multilayer structures such as Co/Pd͑111͒ and Co/Pt͑111͒. [8] [9] [10] [11] The concept to achieve a strong PMA in relatively thick 3d metal films refers to the lattice distortion which can result in electronic states located near the Fermi level. 12 A model system is provided by Fe 1−x Co x alloy films of cubic structure tetragonally distorted due to their pseudomorphic growth on mismatching substrates. The model predicts a strong uniaxial magnetic anisotropy for a tetragonal distortion with c / a close to 1.22 and E F which needs to be adjusted to the value ensuring a minimum distance between the occupied and unoccupied states. 12 Since the composition of Fe 1−x Co x alloys determines the number of valence electrons, E F can be varied by a varying the film composition.
The aim of this study is to show that a strong magnetic perpendicular anisotropy in Fe 1−x Co x ͑001͒ films can be achieved through an appropriate tetragonal distortion of the film structure. This tetragonal distortion is realized by growing the Fe 1−x Co x films on mismatching substrates such as Pd͑001͒, Ir͑001͒, and Rh͑001͒. As their in-plane lattice constants are larger than that of Fe and Co, the lattice of the Fe 1−x Co x overlayer has to expand in-plane for pseudomorphic growth. To keep the atomic volume constant, the fcc film contracts in the direction of the c axis, which leads to a c / a ratio less than ͱ 2, i.e., the value expected for a perfectly cubic fcc structure. A variation in the uniaxial anisotropy within the Pd, Ir, and Rh sequence is observed. In order to exclude any influence of the interface electronic hybridization, a buffer layer of the same material ͑Pd͒ was grown pseudomorphically on Rh substrate.
II. EXPERIMENT
The experiments were performed in a multichamber ultrahigh vacuum system with a pressure below 2 ϫ 10 −10 mbar during Fe and Co deposition. Pd͑001͒ and Rh͑001͒ substrates were prepared with cycles of 1 keV Ar-ion sputtering and subsequent annealing at 900 K. A more complex procedure was applied for the Ir͑001͒ single crystal. 13, 14 The crystal was cleaned by Ar + -ion bombardment ͑ion energy: 2 keV͒ and subsequent annealing at 1500 K for 10 s. The clean surface was characterized by a quasihexagonal ͑5 ϫ 1͒Hex reconstruction, as identified by low-energy electron diffraction ͑LEED͒. The Ir͑001͒-͑5 ϫ 1͒Hex substrate was then annealed in O 2 at 1400 K for 10 s until an oxygen terminated Ir͑001͒-͑2 ϫ 1͒-O reconstruction was observed in LEED. The Ir͑001͒-͑1 ϫ 1͒ surface was finally obtained by subsequently exposing the Ir͑001͒-͑2 ϫ 1͒-O layer to H 2 at 400 K. This preparation resulted in a Ir͑001͒-͑1 ϫ 1͒ surface, as checked by LEED, and this surface was used as a template for epitaxial growth of the Fe 1−x Co x layers.
The quality of the crystal surfaces was checked by Auger electron spectroscopy ͑AES͒ and by scanning tunneling mi-croscopy ͑STM͒ until a clean surface with nearly equidistant and parallel monoatomic steps was obtained. The Fe-Co films were grown at room temperature ͑RT͒ by molecular beam epitaxy from the effusion cells. The Pd and Rh buffer layers were grown from rods of high purity by electron bombardment. LEED was used to quantitatively assess the pseudomorphic growth, and STM to verify the film topology, in particular, for Pd buffer layers grown on Rh͑001͒.
Magnetic properties were probed by utilizing the in situ magneto-optical Kerr effect ͑MOKE͒ for a 1.85 eV photon energy of s-polarized light, a beam diameter Ͻ0.4 mm, mostly in polar geometry ͑incidence angle of 69°to the sample normal͒ at varying temperature ͑down to 5 K͒ and the external magnetic field up to 0.7 T.
III. RESULTS AND DISCUSSION
In order to analyze the uniaxial magnetic anisotropy in tetragonally distorted Fe 1−x Co x films systematically, we have chosen to grow the films on a ͑001͒ surface of three different crystals: Rh, Ir, and Pd. The in-plane lattice constant of the crystals increases in the following sequence: Rh ͑2.69 Å͒, Ir ͑2.72 Å͒, and Pd ͑2.75 Å͒.
A. Anisotropy vs lattice constant
Fe 1−x Co x films were grown on a Rh͑001͒ substrate at RT. To quantitatively assess the amount of tetragonal distortion, both diffraction intensity vs electron energy analysis ͓I͑V͒-LEED͔ and Kikuchi patterns of quasielastically backscattered electrons were performed. We observed almost perfect pseudomorphic epitaxial growth up to a thickness of at least 12 ML depending on the film composition, with a c / a ratio around 1.24. 15 We found that Fe 1−x Co x , 0.3Ͻ x Ͻ 0.65, alloy films grown on Rh͑001͒ show a clear out-of-plane easy axis of magnetization at RT, i.e., rectangular polar MOKE loops were measured up to a thickness of d c =15 ML ͑Fig. 1͒. Since pure Fe and Co films grown on Rh͑001͒ are spontaneously magnetized in plane independently of their thickness, [16] [17] [18] it is reasonable to assume that both the surface and the Fe-Co/Rh interface effects do not contribute significantly to the perpendicular anisotropy, e.g. of the Fe 0.5 Co 0.5 / Rh͑001͒ system. Thus we interpret the perpendicular easy-magnetization axis as a result of a strong magnetocrystalline anisotropy which is directly related to the tetragonal distortion. A clear perpendicular easy-magnetization axis is observed up to 390 K, i.e., the maximum temperature applied by us. The uniaxial magnetic anisotropy is much stronger than the shape anisotropy of the Fe 0.5 Co 0.5 film, thus the easy-magnetization axis is well defined and not sensitive to increasing temperature.
Previously, a different behavior was observed for Fe 1−x Co x films grown on Pd͑001͒. 19 For this system the tetragonal distortion c / a is equal to 1.13, i.e. much less than the c / a = 1.24 obtained for films of the same composition and thickness but grown on Rh͑001͒. We found that the uniaxial anisotropy of Fe 0.5 Co 0.5 films on Pd͑001͒ is of the same order as the shape anisotropy, resulting in a small but positive effective anisotropy energy, i.e., forcing the easymagnetization axis to be oriented perpendicular to the film plane. Interestingly enough, the perpendicular easymagnetization axis was detected only for compositions around x = 0.5 and only at low temperatures ͑LT͒. 19 The surface anisotropy was found to be negative in this case, i.e., forcing the magnetization to be oriented in the sample plane. Thus a positive effective anisotropy ͑i.e., an easymagnetization axis perpendicular to the sample plane͒ was observed above a thickness of 4 ML only. To us this finding is plausible since the tetragonal distortion of Fe 0.5 Co 0.5 films grown on Pd͑001͒ is on the order of c / a = 1.13 for which the uniaxial anisotropy is predicted to be much smaller than for films of the same composition grown on Rh͑001͒ ͑i.e., of c / a = 1.24͒. 12 In order to make the analysis more complete, we performed a MOKE experiment with Fe 1−x Co x films grown on Ir͑001͒ ͓c / a = 1.18 ͑Ref. 20͔͒. Similarly to Pd͑001͒ 19 and Rh͑001͒ 15 the measurements revealed that the easymagnetization axis is in plane for Fe and Co layers on Ir͑001͒, at least above a thickness of 5 ML.
14,21 For Fe 1−x Co x around an x = 0.5 composition, the easy-magnetization axis is found perpendicular to the sample plane even at RT. The effective anisotropy for a Fe 0.5 Co 0.5 film grown on Ir͑001͒, i.e., less distorted ͑c / a = 1.18͒ than films of the same composition grown on Pd͑001͒ ͑c / a = 1.13͒, is expected to be larger. 12 The polar Kerr ellipticity loops measured for 9-and 15-ML-thick films of Fe 0.5 Co 0.5 on an Ir͑001͒ substrate at RT ͑Fig. 2͒ clearly prove these findings. The loops are rectangular and show a 100% magnetization in remanence both at RT and at LT, which confirms that the easy-magnetization axis is oriented perpendicular to the film plane. Only when the thickness exceeds 15 ML, e.g., for 18 ML as shown in Fig. 2 , the loops identify the easy-magnetization axis as switching to the sample plane. It is worthwhile to mention that Fe 0.5 Co 0.5 films grown on Rh͑001͒, Ir͑001͒, and Pd͑001͒ show an easy-magnetization axis perpendicular to the sample plane up to almost the same thickness ͑of about 15 ML͒ in all three cases. However, the films grown on Pd͑001͒ exhibit a perpendicular magnetization only at LT. The thickness up to which the easymagnetization axis is kept perpendicular to the film plane is not directly related to the strength of the anisotropy. In principle, the perpendicular magnetocrystalline anisotropy, being larger than the shape anisotropy, is sufficient to keep the easy-magnetization axis perpendicular to the film independently of the film thickness. The thickness at which the magnetization starts to rotate toward the film plane ͑d c ͒ is mainly determined by the thickness up to which the tetragonal distortion ͑d t ͒ is kept. Above d t the distortion starts to relax, the configuration of the crystal field changes and the strong uniaxial anisotropy disappears. However, the thickness range necessary to balance the perpendicular magnetocrystalline anisotropy with the shape anisotropy, d c − d t , depends on the strength of the perpendicular anisotropy. Thus some composition dependence of d c can be observed. 15, 22 Fe 1−x Co x films were also grown on Pt͑001͒. 23 However, here the perpendicular anisotropy was not strong enough to over-ride dipolar interactions and to result in a perpendicular easy-magnetization axis at RT. Differently to our films, the multilayer was grown with Fe 0.5 Co 0.5 having a film thickness of only 3 ML repeated for many times within the Fe 0.5 Co 0.5 / Pt sequence.
B. Anisotropy vs temperature
The volume magnetocrystalline anisotropy for Fe 0.5 Co 0.5 films on Pd͑001͒ is found to be strongly temperature dependent. As it is shown in Fig. 3 , the polar Kerr ellipticity loops measured at 5 and 50 K are rectangular showing 100% saturation magnetization in remanence. The loops measured at 100 K and above show a nonrectangular hard-axis-like shape and zero magnetization in remanence when measured at 150 K. This means that the temperature-driven spin reorientation transition ͑SRT͒ occurs at a temperature range between 50 and 100 K. Moreover, it also confirms that the uniaxial/ perpendicular magnetocrystalline anisotropy is only a little larger than the shape anisotropy and can thus be easily overridden by a slightly increasing temperature.
Unlike the films grown on Pd͑001͒ the Fe 1−x Co x films grown on Rh͑001͒ do not show any temperature dependence of the anisotropy resulting in SRT. This is due to the much stronger magnetocrystalline uniaxial anisotropy of Fe 1−x Co x films when grown on a Rh͑001͒ substrate. The reason is that here the in-plane lattice constant of Fe 1−x Co x films is less expanded. Thus, the interlayer distance contracts less to keep the volume unchanged, and a much larger c / a ratio of 1.24 is finally achieved. 15 The increasing temperature affects the magnetocrystalline anisotropy which is thereby smaller, but still much larger than the shape anisotropy.
The situation is shown schematically in Fig. 4 , in which we plot the uniaxial anisotropy energy, K u , with reference to the dipolar ͑shape͒ anisotropy. The composition dependen- ͑Color͒ Schematic representation of the effective anisotropy with respect to the shape anisotropy energy for Fe 1−x Co x films grown on Pd͑001͒ and Rh͑001͒. Solid lines correspond to the anisotropy energy balance at LT ͑60 K͒, dotted lines at RT. The figure explains why the increasing temperature has almost no effect on the easy-magnetization axis for Fe 1−x Co x films grown on Rh͑001͒, whereas it results in SRT for Fe 0.5 Co 0.5 film grown on Pd͑001͒.
cies of K u show only a general trend following the dependencies precisely given in Ref. 12 . The values above ͉K dip ͉ refer to the positive effective anisotropy constant and resulting easy magnetization axis perpendicular to the film plane, whereas the values below ͉K dip ͉ refer to the in-plane magnetization. The anisotropy energy is plotted vs. the film composition at two different temperatures ͑RT and LT͒ for both systems, i.e., for Fe 1−x Co x films grown on Pd͑001͒ and Rh͑001͒. From the diagram it can be easily understood how and why the easy-magnetization axis depends both on temperature and film composition. By assuming qualitatively the same dependence of K u on the composition at RT and LT, it can be seen immediately that a tiny reduction in K u results in a negative volume anisotropy for the Fe 1−x Co x / Pd͑001͒ system independently of the film composition ͑Fig. 4͒ and the film thickness. 20 In the case of distorted films grown on mismatching substrates, the crystallographic distortion ͑responsible for the uniaxial magnetocrystalline anisotropy͒ can be thickness dependent. Obviously, the effective anisotropy changes as the thickness of the film structure relaxes ͑at d t ͒, and the uniaxial magnetic anisotropy becomes weaker than the shape anisotropy ͑at d c ͒. Since the anisotropy is temperature dependent ͑this is simply because the ferromagnetic order is temperature dependent͒, the increasing temperature reduces the uniaxial anisotropy. But it has almost no influence on the easy-magnetization axis of the Fe 0.5 Co 0.5 films grown on Rh͑001͒, because the uniaxial magnetic anisotropy is much larger in this case than the shape anisotropy. For Fe 0.5 Co 0.5 films grown on Pd͑001͒, the effective anisotropy is small, i.e., the uniaxial magnetocrystalline is only a little larger than the shape anisotropy, yet still positive-at least at LT. The anisotropy changes only a little with increasing temperature, however, the change is sufficient to result in a negative effective anisotropy ͑the uniaxial magnetocrystalline anisotropy becomes smaller than the shape anisotropy as it is usually observed for most ultrathin films͒.
In summary, at RT Fe 0.5 Co 0.5 films grown on Rh͑001͒ are spontaneously magnetized perpendicular to the sample plane, whereas films of the same composition grown on Pd͑001͒ are magnetized in the sample plane. We attribute this different magnetic anisotropy to the different tetragonal distortion of the Fe 1−x Co x overlayers due to the different in-plane lattice constant of the Rh͑001͒ and Pd͑001͒ substrates. Conversely, we argue that the magnetic anisotropy for films of the same composition depends only on the lattice constant of the substrate ͑which, however, must allow the Fe 1−x Co x film to grow pseudomorphically to the substrate͒. This is also in agreement with theoretical predictions.
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C. Anisotropy with a buffer layer
In order to exclude any influence of the substrate's electronic structure on the anisotropy of the overlayer, we have grown a Fe 0.5 Co 0.5 film on a buffer layer of Pd a few ML thick on top of the Rh͑001͒ substrate. The idea was to grow the Fe 0.5 Co 0.5 film on top of a well-ordered single crystalline layer of a material which is chemically different from Rh but has exactly the same lattice constant as the Rh͑001͒ substrate. Pd was chosen as a buffer layer due to its expected epitaxial growth on the Rh͑001͒ substrate. Moreover, the magnetic properties of the Fe 1−x Co x films grown on a single crystalline Pd͑001͒ surface had been well established previously 19 and were easy to compare. The idea of this experiment is shown schematically in the Fig. 5 : at RT the Fe 0.5 Co 0.5 films are magnetized in plane when grown on Pd͑001͒ ͑the magnetization rotates to the film normal only at low temperature͒, whereas they are magnetized perpendicular to the film plane when grown on Rh͑001͒. The films of a different composition, such as x = 0.4, are magnetized in plane when grown on Pd͑001͒, and perpendicular to the film plane when grown on Rh͑001͒, independently of temperature. When the Fe 1−x Co x film is grown on top of the Pd buffer layer, its magnetic properties should reflect the origin of the perpendicular anisotropy: either the electronic structure of the substrate ͑i.e., of Pd͒ or a tetragonal distortion due to the mismatching lattice constant ͑i.e., that of Rh͒. As a result, the easy-magnetization axis should be oriented in plane or perpendicular to the sample plane, respectively.
In Fig. 6 we show STM images of Pd films grown at RT on the Rh͑001͒ substrate. It can be clearly seen that at RT the growth is almost perfect layer by layer. The second and all other atomic layers do not start to form before the previous layer is not complete. This is confirmed by the thickness profile taken along the line indicated in the STM image of 4.4 ML of Pd. The free surface energy of Pd is 2.1 J / cm 2 and smaller than the free surface energy of Rh of 2.75 J / cm 2 , i.e., ␥ Pd Ͻ ␥ Rh . 24 Thus, from a thermodynamical perspective the layer-by-layer growth is not a surprise. Such growth supports pseudomorphism and the growing layer can keep the in-plane lattice constant of the substrate up to a thickness of several monolayers. 25 The LEED pattern shows ͑Fig. 7͒ the spots exactly at the same positions as for the clean Rh͑001͒ substrate, which proves that the lattice constant of the Pd buffer is identical to the lattice constant of Rh͑001͒. It proves the almost ideal pseudomorphic growth of Pd on Rh͑001͒ at least up to 5 ML. AES experiments utilizing the low-energy Auger electrons confirm that Pd-Rh alloying does not exist-at least above the AES detection limit. Thus the Pd buffer layer can be considered to consist of Pd atoms separated in plane with the lattice constant of Rh. Finally, Fe 0.5 Co 0.5 films were grown on top of such a Pd buffer layer. The deposition was performed at RT and the thickness of the film varied between 6 to 15 ML. The mode of growth was not found to be remarkably different from the growth of the Fe 1−x Co x films of the same composition directly on the Rh͑001͒ substrate ͑see Sec. III A͒. Polar Kerr ellipticity loops measured for the Fe 0.5 Co 0.5 / Pd/ Rh͑001͒ system at RT are shown in Fig. 8 . The loops are typical easy-axis loops, being rectangular and showing 100% saturation magnetization in remanence up to 9 ML, which correspond clearly to the easy-magnetization axis perpendicular to the film plane. The hysteresis loops of the Fe 0.5 Co 0.5 films grown on top of Pd/Rh͑001͒ are exactly the same as the loops measured for the Fe 0.5 Co 0.5 films grown directly on the Rh͑001͒ substrate. The same applies for films with a composition varying between x = 0.4 and 0.6. Yet the loops totally differ from the hard-axis loops measured at RT for the Fe 0.5 Co 0.5 films grown on Pd͑001͒. 19 Even the thickness d c up to which the perpendicular easy magnetization can be kept seems to be more or less identical ͑around 12 ML͒ to the one for Fe 0.5 Co 0.5 films grown on Rh͑001͒. Taking the d c thickness as a measure of tetragonal distortion, we can conclude that the distortion for Fe 0.5 Co 0.5 films grown both on Pd/Rh͑001͒ and on Rh͑001͒ is very similar.
Another phenomenon relates to the shape and the increased coercivity of the polar Kerr ellipticity loop measured for a Fe 0.5 Co 0.5 film 12 ML thick. The loop is no longer rectangular, however, the remanence still equals 100% of the saturation magnetization, and the magnetization starts to reorient almost at the same field. A very similar observation was made for Fe 1−x Co x films of the same composition ͑i.e., x = 0.5͒ grown directly on Rh͑001͒ ͑compare to Fig. 1͒ . This is most likely due to the different anisotropy energy balance which determines the magnetization switching in the films above the thickness up to which the uniaxial anisotropy dominates. With a decreasing perpendicular anisotropy, the shape anisotropy forces the magnetization to be oriented in the sample plane. Thus more field needs to be applied perpendicular to the sample plane to fully switch and saturate the magnetization. 26 The field which is necessary to saturate the sample is much larger ͑around 100 mT͒ than the coercivity ͑and the saturation field͒ of the Fe 0.5 Co 0.5 films thinner than 10 ML ͑around 5 mT͒.
A reversed system, i.e., a Rh buffer layer on Pd͑001͒, cannot be grown and tested since Rh does not grow layer by layer. STM images show a three-dimensional growth even at low coverage. This is not surprising even from the thermodynamical point of view since the surface energy of Rh is larger than that of Pd ͑␥ Rh Ͼ ␥ Pd ͒. 24 Moreover, the LEED pattern is not visible before a thickness of at least 7 ML is reached ͑the maximum thickness of the Rh buffer layer we tested͒, and an epitaxial growth of the Rh buffer layer on the Pd͑001͒ substrate cannot be confirmed.
The result of the MOKE experiment on the Fe 0.5 Co 0.5 / Pd buffer/Rh͑001͒ confirms that the strong perpendicular anisotropy of Fe 0.5 Co 0.5 films originates from their appropriate tetragonal distortion. From the reported experiments, magnetic anisotropy in Fe 1−x Co x films of the same composition ͑the same x͒ can be concluded that there exists only a depen- dence on the c / a ratio, i.e., on how much the film structure is tetragonally distorted. In turn, the distortion is directly related to the lattice mismatch between the material of the film and the substrate. The tetragonal distortion obtained for Fe 0.5 Co 0.5 films grown on Rh͑001͒ is the most appropriate among the tested substrates in order to get a maximum perpendicular anisotropy. In general, it can be stated that the largest uniaxial magnetic anisotropy can be obtained by growing Fe 0.5 Co 0.5 films on fcc substrates of the Rh lattice constant. In particular, it can be a pseudomorphic buffer layer of any material epitaxially grown on the Rh͑001͒ substrate since the property which matters is the in-plane lattice constant. In particular, when Pd is grown as a pseudomorphic buffer layer on the mismatching Rh͑001͒ substrate, its lattice constant relates to the lattice constant of the Rh substrate ͑and not of Pd͒. Consequently, the achieved uniaxial anisotropy has nothing to do with the anisotropy expected for Fe 1−x Co x film grown on a Pd͑001͒ substrate, and reflects what is expected for films grown on Rh͑001͒. This is in agreement with theoretical calculations predicting the largest uniaxial anisotropy for a film of such composition to be about x = 0.5 and a distortion similar to that observed experimentally for Fe 1−x Co x films grown on Rh͑001͒.
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D. Conclusions
An appropriate tetragonal distortion and a proper adjustment of the Fermi level result in a strong uniaxial anisotropy in Fe 0.5 Co 0.5 films grown on Rh͑001͒. An easy-magnetization axis perpendicular to the film plane is kept up to the thickness of 15 ML due to the distortion ͑c / a = 1.24͒, which is unrelaxed up to more than 12 ML. The uniaxial magnetic anisotropy is systematically weaker for Ir͑001͒ ͑c / a = 1.18͒ and Pd͑001͒ ͑c / a = 1.13͒ substrates and systematically depends on the decreasing lattice mismatch between the film and the substrate. By growing Fe 0.5 Co 0.5 films on buffer layers of Pd on Rh͑001͒, it is shown that the lattice constant of the substrate ͑and resulting film distortion͒ is the decisive factor for the uniaxial magnetic anisotropy.
